The amorphous carbon-based resistive memory has recently attained vast attention due to its non-volatility, fast switching speed, long data retention, and multilevel recording. However, the memory switching mechanism of amorphous carbon media remains mysterious and thus severely restricted its application prospect. To resolve this issue, a comprehensive three-dimensional model by simultaneously solving the current continuity equation, heat transfer equation, and mass concentration equation, is developed to model the physical conversions between sp 2 and sp 3 clusters. According to simulations, electric field was considered as the sole critical factor that determines the formation of conductive sp 2 filament during the 'SET' process, whereas the 'RESET' process is mainly attributed to the induced high temperature that accelerates the growth of sp 3 cluster and causes the rupture of the sp 2 filament. It was additionally found that the sp 2 filament was preferably formed inside the region having larger sp 2 concentrations, and its rupture usually initiates from the filament center. The threshold voltages of carbon resistive memory for different thickness and different sp 2 fractions were also calculated and exhibited good agreement with experimental measurements.
I. INTRODUCTION
The phenomenal growth of global digital data due to the prosperity of industry digitalization and social networks has outpaced the capacity of conventional storage devices. This undoubtedly motivated an emergence of several non-volatile memories, such as ferroelectric random access memory (FeRAM) [1] , [2] , magnetic random access memory (MRAM) [3] , [4] , phase-change random access memory(PCRAM) [5] , [6] , and resistive random access memory(RRAM) [7] , [8] . In spite of their ability to provide ultra-high density, high data rate, and non-volatility, these emerging memories are inevitably subjected to their respective physical limits [9] , [10] , thus making them far away from commercilization. In this case, developing a so-call 'universal' memory that overcomes the drawbacks of all aforementioned memory devices seems the only solution to satisfy the storage demand in the age of 'big data'.
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Today one of the most promising contenders for 'universal' memory is carbon-based resistive memory (CarReM) whose storage function relies on its resistance switching (RS) between a high resistive state (HRS) and a low resisitve state (LRS) [11] . The storage layer of CarReM is mainly the amorphous carbon (a-C) that has previously received widespread applications in the field of coating because of its high mechanical hardness and chemical inertness [12] - [14] . An exciting fact is that the resistance of CarReM can be reversibly and rapidly switched between HRS and LRS when suffering from electrical excitations. Such RS phenonmeon associated with its attractive mechanical/chemical properties, endows CarReM with multiple merits including fast write speed, long data retention, great endurance cycles, and compatibility with silicon (Si) based circuits [15] , [16] . Nevertheless, the possibilty of replacing current mainstream storage devices (e.g., NAND Flash) with CarReM can not be envisaged in the near future. This mainly arises from its mysterious RS mechanism. As a-C exhibits numerous allostropes, different hypothesis, such as conversions between well conductive sp 2 and less conductive sp 3 hybridization bonds [17] , [18] , VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ metal ions diffusions [11] , [19] , [20] , and hydrogen/oxygen induced electrochemical redox [21] - [23] , have been proposed to interpret its RS behaviour. Within aforementioned hypothesis, the presence/disapperance of highly conductive sp 2 filament inside insulated sp 3 background to provide short/open circuit current has been widely considered as the most likely motivation for RS phenomenon of hydrogen-free a-C such as tetrahedral a-C (ta-C) [24] , [25] . However, the filamentary nature of resistance switching obviously makes isolation and direct visualization of the conductive filament within the bulky a-C very challenging via microscopy techniques. This undoubtedly requires the development of a physics-based comprehensive model to provide convincing theoretical evidences, which astonishingly is yet to be reported by the time of writing. In order to complement the corresponding theoretical support, and to provide a deep insight into the orgin of the memory switching phenomenon observed in CarReM, we for the first time, proposed a complete three-dimensional (3D) electro-thermal model for the clarification of RS mechanism of CarReM based on the wellknown sp 2 /sp 3 conversion hypothesis. The developed model is subequently performed to mimic the 'SET' (HRS to LRS) and 'RESET' (LRS to HRS) processes of CarReM to determine the crucial factors that impact the RS of CarReM, thus providing a practicable route for device optimization.
II. METHOD
a-C media has been unanimously found to be a mixture of sp 3 and sp 2 sites [26] , consequently making its resistivity between diamond (full sp 3 configurations) and graphite (full sp 2 configurations). It is natural to attribute the RS behaviour of a-C to the phycical/chemical conversions between sp 3 and sp 2 sites when subjected to external excitations. However, such a speculation, to the best of authors' knowledge, was rarely verified by any analytical or numercial models so far. To address this issue, a pure 3D numerical model implemented to simulate the physical conversions between sp 3 and sp 2 sites inside CarReM was introduced in this paper, consisting of:
The combination of Eqn (1) and Eqn (2) results in a electrothermal model where σ , V, ρ, Cp, T, k, E, represent electrical conductivity of a-C, electric potential, density of a-C, heat capacity of a-C, temperature, thermal conductivity of a-C, and electric field, respectively. Solving Eqns (1) and (2) simultaneously allows for the distributions of current density and temperature inside the a-C film that are subsequently exported to Eqn. (3) to calculate the concentration ratio of sp 2 to sp 3 sites, respectively. In Eqn. (3), r sp 2 indicates the concentration fraction of sp 2 site, while k sp 2 →sp 3 and k sp 3 →sp 2 are reactions rates for the transition from sp 2 to sp 3 and vice versa, respectively. As Poole-Frenkel (P-F) conduction was experimentally found in a-C film at moderate temperature and electric field [17] , the electrical conductivities of sp 3 and sp 2 contents here were described based on a modified P-F model [27] - [29] , giving rise to:
where K is a pre-factor; µ = µ 0 / 1 + (µ 0 E/ν sat ) 2 is the free carrier mobility with µ 0 as low-field mobility and ν sat sat as saturation velocity; β is the Poole-Frenkel constant; s is the distance between the two coulombic centers; k B is the Boltzmann Constant; e is the electronic charge, and E a is the low-field temperature-dependent activation energy. Note that σ sp2 in our model applies to the a-C region having >0.5, whereas σ sp3 is assigned to the region with <0.5. sp 3 sites were reported to be more susceptible to the applied electric field [30] due to its insulated trait in comparison with sp 2 sites that were however more liable to temperature [31] . In this case, k sp 3 →sp 2 and k sp 2 →sp 3 are defined as follows:
where c 1 and c 2 denotes different prefactors for sp 3 →sp 2 and sp 2 →sp 3 transitions, respectively; E b represents the activation energy for sp 2 →sp 3 conversion. ρ and λ were also considered as a function of sp 2 fractions in this paper, giving rise to [24] , [32] :
The cross-sectional view of the designed geometry is illustrated in Figure 1 (a). It adopts the well-known metalinsulator-metal (MIM) structure having a-C layer sandwiched between a Pt top electrode and a TiN bottom electrode. To suppress the possbile cross-talk disturbance and maintain adequate joule heating inside the a-C, a-C layer is encapsulated by SiO 2 dielectric with ultra-small electrical/thermal conductivities. Such a structure can be readily extended to cross-bar architecture, as shown in Figures 1(b) and 1(c), to realize very-large-scale-integration (VLSI) RAM circuit. During simulations, top electrode is connected to applied electric pulse, and the bottom electrode is grounded. These two boundaries are also sustained at room temperature, while other boundaries were set as both electrical and thermal insulated. The length and width of the a-C layer were set to be 160 nm and 20 nm, respectively. Note that contact resistance between electrode and a-C layer is not included during simulations. All calculations are performed using COMSOL Multiphysics based on finite element method. 
III. RESULTS AND DISCUSSIONS
As a-C is a mixture of sp 2 and sp 3 contents, it is imerative to physically model the spatial distribution of sp 2 and sp 3 clusters inside the a-C precursor layer based on a pre-defined ratio. To accomplish it, a random number between 0 and 1 is first generated by a random function at a pre-defined location and subsequently compared with a specified fraction of sp 2 clusters. Such location is assumed to have sp 2 phase once the assigned random number is smaller than the given sp 2 fraction, and the electrical conductivity described in Eqn. 5 is applied to this region. Otherwise, electrical conductivity defined in Eqn. 4 is introduced to the specified region having sp 3 phase when the random number exceeds the pre-defined sp 2 fraction. Repeating such scenario over the entire a-C domain (i.e., set x, y, and z to cover the dimension of the whole a-C layer) enables the creation of an a-C precursor layer with different sp 2 to sp 3 ratio, resulting in Figure 2 .
As clearly illustrated in Figure 2 , the designed strategy can be implemented to produce any ratios of sp 2 to sp 3 clusters in a-C precursor film, thereby allowing for a close simulation environment to the practical setup. Prior to interpreting theoretically the sp 3 sp 2 mechanism, the physical reality of the developed 3D model needs to be demonstrated. We therefore calculated the resulting current from an electic simulus applied to CarReM shown in Figure 1 (a) with different thickness, and compared them with the experimentally measured counterparts [18] , giving rise to Figure 3 .
Note that in order to make a valid comparison, three CarReM devices with thickness of 16 nm, 22 nm, and 30 nm were investigated here, and the volume ratio of sp 2 to sp 3 clusters was assumed to ∼25% (i.e., sp 2 fraction is ∼20%) to closely mimic the experimental observations. The width of the applied bias was found to be 50 ns including 10 ns rising, 30 ns plateau, and 10 ns trailing. As clearly illustrated in Figure 3 , the developed 3D model leads to very analogous I-V curves to their experimental counterparts for all three configurations, thus verifying its physical closeness to the practical setup. The write current initially remains at an extremely low level due to the high resistivity of a-C layer dominated by overwhelming sp 3 fractions. However, the resulting current rises exponentially, following P-F mechanism, and undergoes a drastic increase when the applied pulse reaches a so-called threshold voltage. It can be inferred from Eqn. 6 that the energy barrier height from sp 3 to sp 2 cluster is decreased by a value of βE 1/2 owing to the presence of a large potential gradient generated in the insulating state of sp 3 region. As a result, the arising electrid field significantly accelerates the reaction of sp 3 →sp 2 , while suppressing the reaction of sp 2 to sp 3 . The concentrations of sp 2 clusters therefore begins to increase, gradually reducing the electrical resistivity of the a-C layer. More importantly, the increase of the concenrations of sp 2 clusters obviously decreases the average distance between neighbouring sp 2 clusters, and at the threshold voltage (electric field) level, a conductive filament comprising sp 2 clusters in the sp 3 matrix is formed to bridge top electrode and bottom electrode. This undoubtedly results in a write current boom due to the high electrical conductivity of sp 2 filament. The value of the threshold electric field, extracted from Figure 3(b) , is estimated to be 5 × 10 7 Vm −1 , attractively matching the experimental measurement [18] . The prevailing impact of electric field on sp 3 →sp 2 conversion over temperature can be further demonstrated in Figure 3 (c) that shows the values of write current calculated at different time moments of the threshold voltage pulse. It is revealled in Figure 3 (c) that the write current maintains low during the rising period of the applied pulse, which is expected due to the absence of the threshold electric field. After 12 ns (i.e., 2 ns after voltage pulse reaches the plateau), the resulting electric field reaches the threshold value and the write current thus experiences a rapid increase without pronounced time lag observed. This indicates that the 'SET' process of CarReM majorly relies on the electric field, as the a-C layer is not sufficiently heated with the onset of the plateau region. After the voltag pulse enters the trailing region, the write current almost follows the varying trend of the voltage pulse, and quickly falls down. Accordingly, the electric field is considered as an exclusively key factor that determines the threshold switching of CarReM.
To more deeply reveal the memory switching incentive of a-C layer, the spatial distributions of sp 2 and sp 3 clusters were monitored as a function of the threshold pulse time, as illustrated in Figure 4 . As can be clearly seen from Figure 4 , with the onset of the 'SET' pulse the sp 2 clusters were isolated from the insulated sp 3 matrix, and the gradually increasing electric field enhances the reaction rate of the sp 3 →sp 2 conversion, thus increasing the concentration of sp 2 clusters in the middle of the pulse rising region. The reaction rate of sp 3 →sp 2 conversion reaches maximum when the applied pulse enters the plateau region, at which FIGURE 2. The simulated a-C layer with sp 2 fraction of (a) 5%, (b) 10%, and (c) 30%. The bottom exhibit the distribution of sp 2 clusters in one particular cross plane at y = 10 nm (bounded by violet line) of the top a-C block. Note that as sp 2 cluster is randomly distributed inside the a-C layer, some chosen cross planes may have sp 2 fraction higher than the pre-defined value, while others may have fraction less than pre-defined value. the converted sp 2 clusters formed a bridge-like filament to penetrate the entire a-C layer. Due to the high electrical conductivity of the sp 2 clusters, the induced filament provides a superb conductive path for 'SET' current to flow through the a-C layer,. consequently leading to the memory switching behaviour. Such a filament-induced switching mechanism can be also demonstrated according to the calculated timedependent current density, as shown in Figure 5 . It was found that little or no increase in current density was noted during the rising period of the applied pulse. This is mainly because the formed sp 2 clusters are splited by the sp 3 background and the device still remains in high resistive state. Once the threshold field is achieved, an electrically conductive sp 2 filament is fomed, which thus results in a large current density extending through the whole a-C layer. According to Figures 4 and 5 , the conductive filament prefers to be formed in sites where more sp 2 clusters are located than sp 3 clusters. This is easily understood since the a-C sites having more sp 2 clusters than sp 3 clusters obviously present lower resistances than other locations, and the 'SET' current in this case prefers to flow toward these low resistive regions. This undoubtedly increases the electric field in these regions and acclerates the conversion rate of the sp 3 clusters in the vicinity towards sp 2 contents, eventually merging to form a conductive filament. The aforementioned finding enables one convincing interpretation of the previously experimental observation that the conductive filament is localized inside the a-C layer instead of being uniformly distributed [33] . In contrast to electric field, temperature plays a minor role in determining the threshold switching of the CarReM, as the maximum temperature during the SET' process is only around 70 • C (See Figure 6) .
Considering the large fraction of the sp 3 cluster inside the precursor layer, the a-C layer is sustained at sub-threshold regime and this results in small joule heating as well as low temperature. Along with the rising electric field, previoulsy existing sp 2 clusters begin to grow due to the resulting sp 3 conversion, and eventually form a conductive filament. Despite the drastic current increase, the incremental joule heating is limited possibly due to the strong heat dissipation through top and bottom electrodes. This certainly ensures the 'SET' process of CarReM taking place without accompanying with high temperature. Based on the results presented so far, the 'SET' process from sp 3 to sp 2 contents is approximately regarded as the outcome of applied electric field exclusively. Using a thin a-C layer for CarReM can therefore reduce the required threshold voltage, and thus lower the write energy.
In addition to the 'SET' process, the rupture of the previously formed conductive filament, i.e., 'RESET' operation, is also mimicked in this paper. The corresponding 'RESET' current for different a-C thickness is calculated and compared with the experimentally measured values, as illustrated in Figure 7 . Note that previous solutions of the 'SET' model was considered as the initial values of the 'RESET' simulation, and the width of the applied bias was set to be 30 ns including 10 ns rising, 10 ns plateau, and 10 ns trailing. During the 'RESET process, relatively large current greater than 1 µA for three different thickness were witnessed with the onset of the applied pulses. This can be readily explained due to the high electrical conductivity of the sp 2 filament. As the thicker a-C layer exhibits large resistance, the initial 'RESET current secured from 30 nm thick CarReM is obviously smaller than that from 16 nm thick case. The continuously rising voltage boosts the resulting current density as well as the joule heating. In this case, the temperature inside the conductive filament is also enhanced, thereby facilitating the reaction rate of sp 2 →sp 3 conversion. When the applied pulse exceeds the threshold level, part of the sp 2 filament restores to sp 3 content, and thus ruptures the conductive path. Accordingly, the 'RESET' current suddenly experiences a drastic drop due to the presence of the highly resistive sp 3 content. As clearly shown in Figure 7 , the threshold voltages during 'RESET' process were computationally found to be 0.4 V, 0.7 V, and 0.8 V for 16 nm, 22 nm, and 30 nm cases, respectively. These calculated values well match the corresponding experimental mesurements having 0.5 V, 0.6 V, and 0.8 V for above three thickness, respectively, advantageously demonstrating the physical reality of the developed model here.
To precisely locate the position where the rupture process occurs, the time-dependent evolution of the previously formed sp 2 filament during 'RESET' process, is graphically depicted in Figure 8 . It was noticed that the sp 2 filament remains complete at the beginning of the voltage rising edge. At this stage, the induced low temperature inside the conductive filament suppresses the conversion from sp 2 to sp 3 contents. Nevertheless, high temperature inside the filament is accomplished at the instant the 'RESET' pulse reaches the threshold level. This remarkably enhances the reaction rate of sp 2 to sp 3 conversion, and causes the formaton of sp 3 content inside the sp 2 filament. As the applied 'RESET' pulse in this case is still lower than the threshold voltage of the 'SET' operation, the conversion from sp 3 to sp 2 contents is strongly inhibited, effectively preventing the sp 2 filament from re-forming. Additionally, the breakage of the sp 2 filament was found to initiate near its central region rather than the interfacial locations. This might be due to the high thermal conductivities of the metal electrodes that cause severe heat leakage and consequently lowering the temperature at carbon-electrode interfaces. According to Figure 8 , the 'RESET' operation can be simply realized by partly forming sp 3 contents inside the original sp 2 filament. Such a fact that the sp 2 filament is not required to be thoroughly transformed to its sp 3 phase to achieve the 'RESET' process, encouragingly decreases the required threshold 'RESET' level and lowers the energy consumption, as verified by Figure 9 . The maximum temperature, as illustrated in Figure 9 , is ∼300 • C during the 'RESET process. Although the 'RESET' process needs higher temperature than the 'SET' case for the requirment of larger sp 3 contents, the localize sp 2 →sp 3 reaction avoids the advent of excessive temperature inside the a-C layer, and therefore provides CarReM with good thermal stability. It is also indicated in Figure 9 that the maximum temperature during the 'RESET' process occurs in the middle of the filament, further testifying the aforementioned observation that the breakage starts from the central region.
The aforementioned results clearly suggest for the importance of the a-C layer thickness and the volume ratio of sp 2 to sp 3 clusters on the required threshold voltage, particularly for the 'SET' process. In contrast to the a-C layer thickness, the qualitative influence of the sp 2 cluster fraction on the resulting 'SET' voltage has not drawn sufficient attention previously. The above 3D model was therefore implemented here to calculate the required 'SET' voltage for different sp 2 fraction, as illustrated in Figure 10 . It was found that the required threshold voltage for 'SET' process decreasingly varies from 1.7 V to 0.1 V with the sp 2 fractions ranging from 3% to 40%. For small sp 2 fraction, device resistace is mainly dominated by insulated sp 3 background and in this case, large threshold voltage is required to generate sufficiently high electric field to electrically switch the sp 3 insulation between originally formed sp 2 regions. Using a-C layer with larger sp 2 fraction effectively reduce the device resistance and allows for high electric field at smaller 'SET' pulse. Consequently reducing the resulting threshold 'SET' votlage. Another intriguing finding is that only one conductive filament is formed for a-C layer having small sp 2 fraction, while the device with higher sp 2 fraction usually results in multiple filaments (not shown in Figure 10 due to limited space). As the formed filament generally initiates from the location including higher sp 2 fraction, the a-C layer with smaller sp 2 fraction obviously decreases the presence probability of these desired locations, and thus restricts the number of the sp 2 filament. In contrast, more sp 2 -accumulated locations can be readily found inside the a-C layer having larger sp 2 fraction, which therefore leads to the birth of multiple filaments. 
IV. CONCLUSION
A comprehensive 3D model was developed for the first time to simulate 'SET' and 'RESET' processes of the CarReM device when subjected to external electrical stimulus. The simulation results.reveal that the 'SET' mechanism of CarReM can be attributed to the formation of electrical field-induced sp 2 filament inside the resistive sp 3 matrix, and temperature-induced rupture of the formed filament results in the 'RESET' of CarReM. The threshold voltages of carbon resistive memory for different thickness and different sp 2 fractions were also calculated and exhibited good agreement with experimental measurements.
